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6He+t cluster states of exited 9Li have been measured by 32.7 MeV/nucleon 9Li beams bombarding
on 208Pb target. Two resonant states are clearly observed with the excitation energies at 9.8 MeV
and 12.6 MeV and spin-parity of 3/2− and 7/2− respectively. These two states are considered to
be members of Kpi=1/2− band. The spin-parity of them are identified by the method of angular
correlation analysis and verified by the continuum discretized coupled channels (CDCC) calculation,
which agrees with the prediction of the generator coordinate method (GCM). A monopole matrix
element about 4 fm2 for the 3/2− state is extracted from the distorted wave Born approximation
(DWBA) calculation. These results strongly support the feature of clustering structure of two
neutron-rich clusters in the neutron-rich nucleus 9Li for the first time.
I. INTRODUCTION
Clustering is an interesting phenomenon existing in
many scientific fields from the macroscale world, such
as galaxy in the universe, to the microscale world, such
as pentaquarks in the quark matter. Nucleon clustering
in a nucleus has been proposed since 1937 [1]. Alpha
particle is easy to form a cluster in a nucleus because of
its high stability and a strong and repulsive alpha-alpha
interaction [2]. One of the famous cluster structure is
Hoyle state due to its significance on the massive 12C
production in the Universe [3].
With the development of Radioactive Isotope Beam
facilities, clustering of light nuclei has been discovered
as one of the unique quantal features. Many theoretical
and experimental efforts are focused on the clustering
of neutron-excess Be and C isotopes. A well-established
α+α rotor of 8Be is a representative example of clus-
tering structure [4]. In highly excited states near the
He+He threshold energy of 10Be [5–8] and 12Be [9–11],
well-developed cluster states have been extensively stud-
ied both in experimental and theoretical sides in recent
decades. The α cluster plays a critical role in clustering
of Be and C isotopes.
Based on the Ikeda’s threshold rule [12], the excitation
energy of a cluster state is rather close to the cluster-
decay threshold energy. The clustering states can be
studied from the resonance decay spectroscopy by detect-
ing all of the decay fragments and the excitation energy
of the parent state can be determined from the invariant
mass of the detected decay products [13].
Many investigations of cluster formation for the Li iso-
topes have been done in last decades, where the unstable
t cluster, or together with α cluster, plays a critical role.
Clustering structures, such as α+d and 3He+t in 6Li and
α+t in 7Li have been studied both in theory and experi-
ment [14–19].
For 9Li, many theoretical descriptions of the cluster
structures have been studied but experimental investi-
gations are scarce. The no-core shell model calculation
and the tensor optimized shell model calculation are fea-
sible for the low-lying states [20, 21]. Additionally, a
α+t+n+n cluster model is used to describe the lowlying
states of 9Li nucleus[22]. The stochastic multiconfigura-
tion mixing method with the α+t+n+n and t+t+t con-
figurations has predicted the exotic excited state with
three triton clusters [23]. With the quadrupole defor-
mation (β-γ) constraint in the framework of antisym-
metrized molecular dynamics (AMD), a largely deformed
state having a 6He+t structure appear in excited states
of 9Li is shown [24]. In Ref. [25], The 6He+t cluster
structure has also been predicted with generator coor-
dinate method (GCM) calculation. The results suggest
that 6He+t cluster states near the 6He+t threshold en-
ergy may construct a Kπ = 1/2− band.
Furthermore, Isoscalar monopole transitions from the
ground states to cluster states in 10Be and 9Li are in-
vestigated using 6He+α and 6He+t cluster models, re-
2spectively [26]. As pointed out in Refs. [6, 27–30],
a strong monopole strength comparable to the typical
single-particle strength for excited states below 20 MeV
has been proposed as a sensitive probe for cluster forma-
tion and can be observed experimentally. Moreover, the
studies in Refs. [13, 31], show that the monopole transi-
tion strength is also a promising tool to signal the cluster
formation in unstable nuclei.
However, the properties of 9Li are not known well
and very few number of experiments have been carried
out to investigate the cluster structures and clustering
states. It is very important for understanding the clus-
ter formation to search for such resonance states of two
neutron-rich clusters (6He and t) in the unstable nucleus
9Li. In the present work, we investigate the 6He+t clus-
ter states for the first time by implementing coincidence
measurements between the ontgoing 6He+t fragments
at the most forward angles in the reaction of 9Li with
208Pb target. The angular correlation analysis, GCM
calculation and continuum discretized coupled channels
(CDCC) calculation are used to identify these cluster
states. A monopole strength comparable to the typical
single-particle strength and a wide decay width are ex-
tracted for the 3/2− resonant state, which demonstrates
a typical clustering structure in 9Li. The Sec. II of this
paper is devoted to the description of the experimental
facility and measurements. The Sec. III is dedicated
to the analysis of the experimental data by mean of the
CDCC calculations. Finally, in Sec. IV we give the main
conclusions of the present work.
II. EXPERIMENTAL DETAILS
The experiment was performed at the Heavy Ion Re-
search Facility in Lanzhou (HIRFL). The primary beams,
12C with the energy of 53.7 MeV/nucleon, were delivered
by the HIRFL and bombarded on the production target
of 3038 mm 9Be to produce the secondary beams. The
32.7 MeV/nucleon secondary 9Li beams were separated
and purified with a 2153 mm Al degrader by Radioactive
Ion Beam Line in Lanzhou (RIBLL) [32]. The intensity
of the secondary 9Li beam was about 1.1× 103 particles
per second with 99% purity. A self-supported natural
Pb target with a thickness of 526.9 mg/cm2 was used as
a reaction target. Three parallel-plate avalanche coun-
ters (PPACs) [33] with position resolutions better than 1
mm were placed before the reaction target to determine
the position and incident angle of the secondary beam
event by event. A zero-degree telescope array, consisted
of two ∆E detectors (double-sided silicon strip detectors,
DSSDs) and a E detector (8×8 CsI(Tl) scintillator ar-
ray) covering the θ angles from 0◦ to 10◦, was used to
measure the charged fragments. The two DSSDs, with
a thickness of 523 µm for the DSSD1 and 527 µm for
the DSSD2 respectively, have the same sensitive area of
49×49 mm2. Each DSSD is divided into 16 strips both in
the front and rear sides; the width of each strip is 3 mm
and the interval is 0.1 mm. Each CsI(Tl) scintillator is
composed by a trustum of a pyramid with 21×21 mm2 in
front side, 23×23 mm2 in back side and the length of each
scintillator is 50 mm. Each scintillator is coupled with a
Photomultiplier tube (PMT). A description of this kind
of telescope array can also be found in Refs. [34, 35].
The secondary beams of 9Li, 6He, 4He, and 3H produced
from the 12C primary beam were used to calibrate the
telescope. More details for the experimental setup and
measurement can be found in our previous publication
[36].
All charged particles are identified by the telescope
array. The events with t and 6He, which are decayed
from the excited 9Li and recorded in the telescope, are
selected. The total kinetic energies of these two par-
ticles are obtained by summing the energy loss in the
two DSSDs and the residue energy in CsI(Tl) scintilla-
tor. Their tracks are recorded by the two DSSDs. Thus,
the relative energy Erel of a pair of fragments can be de-
duced according to the invariant mass method [37]. The
excitation energy of the resonance states of 9Li decaying
into 6He and t can be obtained from Ex = Erel + Ethr,
whereEthr is the decay threshold energy. To estimate the
resolution of Erel and the geometric detection efficiency,
a Monte Carlo simulation was performed considering the
energy and spatial resolution of the detectors [36]. The
resolution of Erel is 0.8 MeV at 2.5 MeV and increases
to 1.1 MeV at 5.0 MeV. The detection efficiency is simu-
lated over a broad range of relative energies and a typical
value at 3.3 MeV is 37%.
FIG. 1. (color online) The differential breakup cross section
Erel spectrum with double Breit-Wigner shaped resonance
functions fitting (red line), reconstructed from the 6He+t co-
incident fragments, with the nonresonance contribution and
acceptance taken into account. The vertical color-lines are the
guides for the GCM calculation from Refs. [25, 26]. Within
the inserted figure, the original experimental Erel distribution
and the nonresonance contribution estimated by event-mixing
method are shown.
The relative energy spectrum of 6He+t decayed from
the excited 9Li is shown in Fig. 1 and two peaks at 2.2
MeV and 5.0 MeV are well observed. The corresponding
excitation energy of 9Li are 9.8 MeV and 12.6 MeV re-
3spectively. They are well agree with the GCM calculation
[25], the 1/2− and 3/2− states with orbital angular mo-
mentum L=1 might be the candidates of the first peak
and the 5/2− and 7/2− states with L=3 might be the
candidates of the second peak. Taking into account of
the intrinsic spin of 6He (0+) and t (1/2+), the total an-
gular momentum of 6He+t resonance states should be
contributed by the coupling of the angular momenta of
the clusters and the orbital angular momentum of the
intercluster motion.
In Fig. 1, the direct (nonresonant) breakup or phase-
space distribution is unavoidable for Ex just above the
decay threshold and can be simulated by implementing
the "event-mixing" technique [38–40], and thus should
be considered when analyzing resonant states. Together
with an "event-mixing" term and the detection accep-
tance, the double Breit-Wigner (BW) shaped resonance
functions convoluted with the detection resolution are
used to fit the shape of the Erel spectrum to evaluate
their formation and decay natures [41–43]. The extracted
width of BW function for the first peak is Γ = 1.1(2)
MeV (the error is statistical only) through a least square
fitting.
The angular momentums of the resonance peaks at 9.8
MeV and 12.6 MeV can be analyzed by applying the an-
gular correlation method for the breakup reaction de-
scribed as a(A, B* → c+C)b [44]. Due to the nonzero
spins of projectile and the outgoing particle t, a more
general formalism of angular correlation analysis have
to be employed. The calculated angular correlations to-
gether with experimental angular correlated spectrum re-
constructed from the 6He+t decay channel respect to x
(x=sin(Ψ), with estimated uncertainty of 0.1), in the re-
action plane, are shown in Fig. 2, where the Ψ is the
c.m. angle relative to the beam direction. The calcu-
lated angular correlations are normalized and multiplied
by detection acceptance. Because of the detector setup
used in the present experiment, the formation transition
amplitudes at zero degrees can be used for the present
analysis of angular correlation, which are obtained based
on CDCC calculation (details are given below). In Fig. 2
(a), the data are gated on a Ex range of 9.3 MeV to 11.7
MeV in order to reduce contamination from the event-
mixing component and higher energy peaks. Based on
the comparison in fig. 2 (a), Jπ=3/2− component is
mostly consistent with the experimental data for the res-
onance energy at 9.8 MeV. Nevertheless, if taking the
evidence only based on present analysis of angular cor-
relation, as shown in Fig. 2 (a), 1/2−, 1/2+, and 3/2+
might also be the candidates for this resonance peak and
more proofs needed. Together with the GCM and CDCC
calculations, 3/2− state can be considered to be corre-
sponding to the peak at 9.8 MeV. The same method is
used to analyze the data within the gated range of 12.0
MeV to 14.6 MeV. As shown in Fig. 2 (b), the angular
correlation distribution of 7/2− component can be con-
sidered to be mostly in accordance with the experimental
data for the resonance energy at 12.6 MeV. Considering
the results of GCM calculation based on the deformed
6He cluster configuration with a specific orientation, the
excitation energy of 11- to 14-MeV region might corre-
spond to a mixture of the L=1 component of deformed
6He (2+) with a specific orientation and the L=3 compo-
nent with 6He being not deformed [25, 26].
FIG. 2. (color online) Comparison of calculated angular cor-
relation distributions with experimental data (histogram) re-
constructed from the 6He+t decay channel. (a) for the first
peak at 9.8 MeV and (b) for the second peak at 12.6 MeV.
In Ref. [25], 6He+t cluster states were suggested at the
energy region a few MeV higher than its threshold energy.
The 1/2−2 , 3/2
−
3 , 5/2
−
2 , and 7/2
−
2 states were considered
to be members of a Kπ=1/2− band. The 1/2−2 and 3/2
−
3
states corresponding to L=1 agree with the first clus-
ter resonance peak of the present work. As suggested
in the Ref. [26], 6He(0+)+t and 6He(2+)+t decays of
9Li (3/2−) were considered as P-wave decays in three
channels, [0⊗3/2]3/2, [2⊗3/2]3/2, and [2⊗1/2]3/2. The
9Li(3/2−3 ) state is dominated by the
6He(0+)+t compo-
nent. The 9Li(3/2−4 ) and
9Li(3/2−5 ) states can be re-
garded as 6He(2+)+t cluster resonances because they
have dominant 6He(2+)+t components. The 6He(0+)+t
component is concentrated at excitation energy of 9-10
MeV. Whereas the 6He(2+)+t components are significant
in the excitation energy of 11-14 MeV region.
4III. COUPLED CHANNELS CALCULATIONS
AND DISCUSIONS
The aforementioned analysis demonstrate that, 6He+t
cluster structure with the excitation energies just above
the threshold energy might appear in 9Li. For further
investigation, a CDCC calculation with 9Li modeled as
6He+t cluster configuration was performed by the code
FRESCO [45]. Nuclear projectiles having a prominent
two body structure may undergo breakup by interaction
with the nuclear and Coulomb field of a target. The
CDCC calculation provides a full quantum mechanical
framework to explain the breakup process [46]. The Sa¯o
Paulo (SP) potential connected with the double-folding
procedure [47, 48] is applied to the nuclear interaction be-
tween core (6He) and target (208Pb) and between valence
(t) and target. The 6He+t real binding potential consists
of a central term and spin orbit term of Woods-Saxon
(WS) optical model potential. The central part (V0=140
MeV, rv=0.80 fm, av=0.66 fm) is obtained from analogy
of the parameters applied to 6Li+t potential of bound
state as mentioned in [49]. The av is extracted from Ref.
[50], and references therein, and rv is adjusted to fit the
root mean square matter radius of 9Li in ground state
[51]. The global triton optical model potential discussed
in ref. [52] is applied for spin-orbit term, which shows a
very little effect.
In the present calculation, the relative orbital angular
momentum for 6He+t configuration is considered up to
L=3 and the 6He+t continuums are discretized into 20
equally spaced bins by considering εmax = 20 MeV. In-
clusion of L=4 and L=5 in the calculation has shown less
influence on the obtained result. The differential breakup
cross section as a function of relative energy for various
Jπ values are shown in Fig. 3. The distribution for 3/2−
state,in comparison to others, indicates a pronounced res-
onance peak around the relative energy of 2.0 MeV. This
result supports the existence of resonance state at 9.8
MeV, which is also in consonance with the GCM calcula-
tion. The cross section for 7/2− state also gives a relative
strong cross section with a very wide distribution. Both
the angular correlation analysis and GCM calculation in-
dicate the existence of 7/2− state in the excitation energy
of 11- to 14-MeV region. It can be seen that the present
CDCC calculation do not show enhanced cross section
for positive-parity states. In addition, as shown in Fig.
4, within the corresponding Ex range of 9.2−11.3 MeV,
the angular distribution of the differential cross section
for 3/2− state with summing over energy bins within
the gate, as a function of polar angle (in center of mass
frame), well reproduce the distribution of experimental
points ( dσ(θ)
dΩ(θ) )exp, which is reconstructed from the coinci-
dent 6He+t events. Therefore, the 3/2− state with L=1
as a member of Kπ=1/2− band can be determined to has
a structure of 6He+t resonance with excitation energy at
9.8 MeV.
A DWBA calculation by assuming a pure 3/2− final
state excited from the ground state based on the code
FRESCO was performed to describe this inelastic ex-
citation of 9Li on 208Pb target, which also well repro-
duces the experimental differential cross section angular
distribution (ℓ=0 curve shown in Fig .4). This DWBA
procedure is based on the multipole-decomposition (MD)
analysis of the inelastic differential cross sections in the
form of ( dσ(θ)
dΩ(θ))exp =
∑
ℓ aℓ·(
dσ(θ)
dΩ(θ))ℓ,DWBA [53, 54], where
( dσ(θ)
dΩ(θ))ℓ,DWBA are the DWBA cross sections exhausting
the full energy-weighted sum rule (EWSR) for the trans-
ferred angular momentum ℓ. A set of normalization fac-
tors aℓ, corresponding to the fraction of the EWSR for
a monopole (ℓ=0) transition or a multipole (ℓ≥1) transi-
tion, are applied to fit the data.
FIG. 3. (color online) The differential breakup cross-section
relative energy spectrum for various partial waves (L≤3) from
CDCC calculation.
FIG. 4. (color online) Differential cross section angular dis-
tribution of 3/2− state (9.8 MeV). The solid red curve is the
CDCC calculation. The solid green curve shows the ℓ=0 con-
tribution. The solid blue curve is the sum of the ℓ=0 contri-
bution and the event-mixing term.
5In order to extract the isoscalar monopole transition
matrix element (M(IS0)), the transferred angular mo-
mentum ℓ= 0 and 2 components and the event-mixing
term should be taken into account in MD analysis. Nev-
ertheless, due to the CDCC result of that the Ex spec-
trum is dominated by 3/2− state with negligible contam-
inations from states with other spins and the differential
cross section angular distribution displays a dominated
monopole excitation, thus only the ℓ= 0 component is
considered in the fitting procedure together with the
event-mixing component and the detection acceptance.
The theoretical curve is convoluted with the angular res-
olution (FWHM) of ∼0.6 degree obtained from Monte
Carlo simulation contributed from uncertainties in deter-
mining the reaction position and the position and energy
of the fragments. The transition potential for each mul-
tipole transition is based on the prescription of the de-
formed potential model as given in the Refs. [31, 55, 56].
An equivalent local WS potential to the SP potential
connected with the double-folding procedure [47, 48] is
applied to extract the transition potentials.
As shown in the Fig. 4, the ℓ=0 distribution obtained
by the fitting procedure gives a good reproduction of the
experimental points, which is also consistent with the
CDCC result. The normalization factor a0=0.0057(13)
is determined by minimizing χ2. This factor is multi-
plied by 1.5 to account for the fraction of events belong
to the 3/2− peak but outside the applied energy gate
(9.3−11.7 MeV) and thus it is corrected to be 0.0086(20).
The deduced M(IS0) is estimated to be 4 fm2 based on
the corresponding EWSR of 4444.12 MeV·fm4. The un-
certainties are mainly from the modeling of the shapes
of the 9.8 MeV peak, the DWBA calculation, the event-
mixing term and the drop of the ℓ=2 contribution in the
MD analysis procedure.
In the present work, the extracted M(IS0) for the 9.8
MeV state of unstable nucleus 9Li is comparable to those
for the typical cluster states in 12C, 16O, and unstable nu-
cleus 12Be and a rough estimated single particle strength
3.6 fm2 of 9Li [13, 57–59]. From the GCM calculation for
9Li with 6He+t configuration in [26], a value of∼6 fm2 for
M(IS0) at excitation energy of 9.8 MeV was obtained by
distance parameter D≤15 fm calculation. This is in close
agreement with our present observation. As a conse-
quence of the GCM calculation, the strengths for 6He+t
cluster resonances in 9Li are weakly enhanced because of
the large fragmentation of strengths in the corresponding
energy region than those obtained for 6He+α cluster res-
onances of 10Be(0+3,4) above the α-decay threshold. That
might be a reason why the extracted M(IS0) for unsta-
ble nucleus 9Li is not much enhanced when comparing to
that (7 fm2) for unstable nucleus 12Be. This implies that
the cluster structure of 6He(0+)+t might be a developed
state just above the threshold energy without cluster for-
mation in ground state.
IV. CONCLUSIONS
In summary, 6He+t cluster resonance states in the
breakup reaction of 9Li on a 208Pb target have been ob-
served at 32.7 MeV/nucleon. The experiment was car-
ried out by using the ∆E-E telescope detector system
around zero degrees at HIRFL-RIBLL. Based on the an-
gular correlation analysis, GCM calculation and CDCC
calculation, the spin-parity of 6He+t resonance states are
identified to be 3/2− and 7/2− for the peak at 9.8 MeV
and at 12.6 MeV respectively. The two states can be
considered as members of Kπ=1/2− band. In addition, a
comparable monopole transition matrix element to those
in 12C, 16O, and 12Be is deduced for excitation state at
9.8 MeV, supporting the picture of strong clustering in
excitation states of unstable nucleus 9Li. States in the
excitation energy of 11- to 14-MeV region need to be fur-
ther investigation. Due to the two clusters 6He and t
are neutron-rich, the cluster formation in 9Li might be
strongly promoted by the redundant neutrons. Further
experimental study of cluster states in 9Li is still desired
for understanding the underlying physics of cluster for-
mation in neutron-rich unstable nuclei.
V. ACKNOWLEDGMENTS
This work was financially supported by the National
Natural Science Foundation of China with Grant No.
U1432247 and 11575256 and the National Basic Re-
search Program of China (973 Program) with Grant No.
2014CB845405 and 2013CB83440x. We gratefully ac-
knowledge Prof. Y. Kanada-Enąŕyo, Prof. Y. L. Ye,
Prof. C. J. Lin and Prof. D. Y. Pang for the discussion.
J. Lubian thanks CNPq and FAPERJ for the partial fi-
nancial support trough the project INCT-FNA Proc. No.
464898/2014-5.
REFERENCES
∗ jswang@impcas.ac.cn
[1] Phys.Rev.52, p1107
[2] W. von Oertzen, M. Freer, and Y. Kanada-En’yo , Phys.
Rep. 432, 43-113 (2006), and reference therein.
[3] Rev. Mod. Phys. 89.011002. , and reference therein.
[4] M. Ito, N. Itagaki, H. Sakurai, and K. Ikeda, Phys. Rev.
Lett. 100, 182502 (2008).
[5] N. Soic et al., Europhys. Lett. 34, 7 (1996).
[6] J. A. Liendo et al., Phys. Rev. C 65, 034317 (2002).
[7] M. Milin et al., Nucl. Phys. A 753, 263 (2005).
[8] M. Freer et al., Phys. Rev. Lett. 96, 042501 (2006).
6[9] M. Freer et al., Phys. Rev. Lett. 82, 1383 (1999).
[10] M. Freer et al., Phys. Rev. C 63, 034301 (2001).
[11] Z. H. Yang et al., Phys. Rev. Lett. 112, 162501 (2014).
[12] K. Ikeda, N. Takigawa, and H. Horiuchi, Prog. Theor.
Phys. Suppl., extra number, 464 (1968).
[13] H. Horiuchi, J. Phys.: Conf. Ser. 436 012003 (2013).
[14] A. M. Young, S. L. Blatt, and R. G. Seyler. Phys. Rev.
Lett. 25, 1764 (1970).
[15] S. Nakayama et al., Phys. Rev. C 69, 041304(R) (2004).
[16] A. Pakou et al., Phys. Lett. B 633, 691-695 (2006).
[17] S. Santra et al., Phys. Lett. B 677,139-144 (2009) .
[18] Y. Fujiwara and Y. C. Tang, Phys. Rev. C 32 ,1428 (1985)
.
[19] T. A.Tombrello et al., Phys. Rev., C122: 224-228 (1961).
[20] P. Navratil and B. R. Barrett, Phys. Rev. C 57, 3119
(1998).
[21] T. Myo, A. Umeya, H. Toki, and K. Ikeda, Phys. Rev. C
86,024318 (2012).
[22] K. Arai, Y. Ogawa, Y. Suzuki, and K. Varga, Prog.
Theor. Phys. Suppl. 142, 97 (2001).
[23] K. Muta, T. Furumoto, T. Ichikawa, and N. Itagaki,
Phys. Rev.C 84, 034305 (2011).
[24] T. Suhara and Y. Kanada-En’yo, Prog. Theor. Phys. 123,
303 (2010).
[25] Y. Kanada-En’yo and T. Suhara, Phys. Rev. C 85,
024303 (2012).
[26] Y. Kanada-En’yo, Phys. Rev. C 94, 024326 (2016).
[27] T. Yamada, Y. Funaki, T. Myo et al., Phys. Rev. C 85,
034315 (2012).
[28] M. Ito, Phys. Rev. C 83, 044319 (2011).
[29] M. Ito and K. Ikeda, Rep. Prog. Phys. 77, 096301 (2014).
[30] M. Ito, N. Itagaki, and K. Ikeda, Phys. Rev. C 85, 014302
(2012).
[31] Z. H. Yang, et al., Phys. Rev. C 91, 024304 (2015).
[32] Z. Sun, W. L. Zhan, Z.Y. Guo, G. Xiao, and J. X. Li,
Nucl. Instrum. Methods Phys. Res., Sect. A 503, 496
(2003).
[33] P. Ma et al., At. Energy Sci. Technol. 45(3), 356 (2011).
[34] S. L. Jin et al., Nucl. Instrum. Methods Phys. Res., Sect.
B 317, 728 (2013).
[35] S. L. Jin et al., Phys. Rev. C 91, 054617 (2015).
[36] W. H. Ma et al., Nucl. Sci. Tech. 28, 177 (2017).
[37] Z. X. Cao et al., Phys. Lett. B 707, 46 (2012).
[38] D. Drijard et al., Nucl. Instrum. Meth. 225, 367 (1984).
[39] A. Spyrou et al., Phys. Rev. Lett. 108, 102501 (2012);
109, 239202 (2012).
[40] M. Assie et al., Eur. Phys. J. A 42, 441 (2009).
[41] J. XIAO et al., Chinese Phys. Lett. 29, 8, 082501 (2012).
[42] K. Markenroth et al, Nucl. Phys. A 679 462 (2001).
[43] Z. H. Yang et al., Sci. China-Phys. Mech. Astron. 57,
1613 (2014).
[44] M. Freer, Nucl. Instrum. Methods Phys. Res., Sect. A
383, 463-472 ( 1996); G. Finkel, D. Ashery, and A. I.
Yavin, Phys. Rev. C 19, 1782 (1979).
[45] http://www.fresco.org.uk/.
[46] Y. Sakuragi, M. Yahiro and M. Kamimura, Prog. Theor.
Phys. Suppl. 89, 136 (1986).
[47] L . C. Chamon, Nucl. Phys. A 787, 198c-205c (2007).
[48] M. A. G. Alvarez etal., Nucl. Phys. A 723, 93 (2003).
[49] A. S. Denikin et al.,Pisьma v ZQA T.12, N◦
¯
5(196),
C.1086-1099 (2015).
[50] I. I. Gontchar and M. V. Chushnyakova, Comp. Phys.
Comm. 184, 172-182 (2013).
[51] A. V. Dobrovolsky et al., Nucl. Phys. A 766, 1-24 (2006).
[52] X. H. Li, C. T. Liang and C. H. Cai, Nucl. Phys. A 789,
103-113 (2007).
[53] M. Itoh et al., Phys. Lett. B 549, 58 (2002).
[54] D. H. Youngblood, H. L. Clark, and Y.-W. Lui, Phys.
Rev. Lett. 82, 691 (1999).
[55] D. J. Horen, J. R. Beene, and G. R. Satchler et al., Phys.
Rev. C 52, 1554 (1995).
[56] B. Bonin et al., Nucl. Phys. A 430, 349-396 (1984).
[57] T. Yamada, Y. Funaki, H. Horuichi, K. Ikeda, and A.
Tohsaki, Prog. Theor. Phys. 120, 1139 (2008).
[58] P. Ajzengerg-Selove, Nucl. Phys. A 460, 1 (1986).
[59] T. Yamada et al., Phys. Rev. C 85, 034315 (2012).
